Background: b12 is a broadly neutralizing human antibody that targets the conserved receptor binding site on HIV-1 gp120. Results: Designed gp120 fragment immunogens (b121a/b122a) targeting the b12 binding site were tested in rabbit immunization studies. Conclusion: Priming with b122a and boosting with gp120 elicited broadly neutralizing sera. Significance: gp120 fragment immunogens can elicit broadly neutralizing sera in small animals.
b12, one of the few broadly neutralizing antibodies against HIV-1, binds to the CD4 binding site (CD4bs) on the gp120 subunit of HIV-1 Env. Two small fragments of HIV-1 gp120, b121a and b122a, which display about 70% of the b12 epitope and include solubility-enhancing mutations, were designed. Bacterially expressed b121a/b122a were partially folded and could bind b12 but not the CD4bs-directed non-neutralizing antibody b6. Sera from rabbits primed with b121a or b122a protein fragments and boosted with full-length gp120 showed broad neutralizing activity in a TZM-bl assay against a 16-virus panel that included nine Tier 2 and 3 viruses as well as in a five-virus panel previously designed to screen for broad neutralization. Using a mean IC 50 cut-off of 50, sera from control rabbits immunized with gp120 alone neutralized only one virus of the 14 non-Tier 1 viruses tested (7%), whereas sera from b121a-and b122a-immunized rabbits neutralized seven (50%) and twelve (86%) viruses, respectively. Serum depletion studies confirmed that neutralization was gp120-directed and that sera from animals immunized with gp120 contained lower amounts of CD4bs-directed antibodies than corresponding sera from animals immunized with b121a/b122a. Competition binding assays with b12 also showed that b121a/2a sera contained significantly higher amounts of antibodies directed toward the CD4 binding site than the gp120 sera. The data demonstrate that it is possible to elicit broadly neutralizing sera against HIV-1 in small animals.
The envelope glycoprotein (Env) of HIV-1 is critical for the entry of the virus into the cell. HIV-1-infected people contain substantial quantities of Env-directed antibodies. However, these typically show poor neutralization against the viral quasispecies present in the individual at that point of time, and many react with epitopes that are exposed only in unfolded or misfolded Env protein. Conformational flexibility, masking of conserved epitopes (1) by various strategies, including cryptic epitopes and glycosylation, high mutability (2, 3) , and the lack of high resolution structural information for the functional Env trimer are the main factors that have confounded efforts to produce an Env-derived immunogen capable of eliciting broadly neutralizing antibodies against HIV-1.
Env is a trimer of gp120-gp41 dimers. gp120 contains the binding site for the receptors CD4 and a chemokine receptor, typically CCR5 or CXCR4, whereas gp41 is responsible for fusion of the viral and cellular membranes (4 -6) . The CD4 receptor binding site on gp120 (CD4bs) 5 is well conserved among different HIV-1 isolates. b12 is a well characterized broadly neutralizing antibody known to target CD4bs (7, 8) . More recently, several other broadly neutralizing CD4bs-directed mAbs have been isolated, such as HJ16 (9) , VRC01 (10, 11) , and NIH45-46 (12, 13) . There have been prior efforts to target CD4bs epitopes using alanine substitutions, cavity filling mutations, and hyperglycosylation, so as to reduce binding to non-neutralizing antibodies and still retain b12 binding (14 -18) . However, these and other immunogens failed to elicit broadly neutralizing antibodies in animal immunization studies (19) . gp120 and gp140 are relatively flexible molecules. Hence, when used as immunogens, it is possible that the resultant antibodies are directed against immunodominant, linear epitopes that are enriched in denatured or unstructured forms of the immunogen. Additionally, gp120 and gp140 are large and complex molecules that are difficult to produce and structurally characterize. Because they display many potential epitopes, it is difficult to map the resulting antibody response. We hypothe-sized that, besides presenting appropriate epitopes in the right conformation, it may also be important to minimize the total size of the antigen to focus the immune response to the desired epitope. We have therefore recently characterized a bacterially expressed outer domain of gp120 and shown that it could bind CD4 (20) . We now report the design of smaller fragments of gp120 that display the b12 epitope. These fragments, hereafter referred to as b121a and b122a, consist largely of a part of the outer domain (Fig. 1) . The designed protein fragments were expressed in E. coli to prevent glycosylation and consequent epitope masking that might occur if expressed in a eukaryotic expression system. Proteins were characterized biophysically, found to be partially folded, and could bind b12 with micromolar affinity. Because the designed fragments are originally part of a large protein, it is likely that a fraction of the molecules will not adopt the same conformation as the corresponding regions in the whole molecule. Therefore, a prime-boost rabbit immunization study was designed, which involved priming with the b121a/b122a protein fragments and boosting with full-length gp120. The hypothesis was that this regimen might elicit gp120 cross-reactive antibodies targeted to the b12 epitope that was present in the priming immunogen. A control group was primed with core gp120 and boosted with full-length gp120. Sera obtained following four primes with the b122a fragment protein and two boosts with full-length gp120 showed broad neutralization of a panel of 21 viruses, which included various Tier 1, 2, and 3 viruses across different clades. The difficulty of neutralization increases going from Tier 1 to Tier 3. The majority of immunogens studied to date elicit sera that neutralize a subset of Tier 1 viruses but fail to neutralize most Tier 2 and 3 viruses. Consistent with earlier studies (18, 19) , sera from the control group largely neutralized Tier-1 neutralization-sensitive viruses. Depletion studies and competition binding assays with b12 showed that the antibodies in the broadly neutralizing sera are gp120-directed, and an appreciable fraction of antibodies in group 3 sera is directed toward the CD4 binding site.
MATERIALS AND METHODS
Ethics Statement-All animal studies were carried out in the SUNY Downstate Medical Center, which is a Category I facility. The Institutional Animal Care and Use Program is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care international, and an approved assurance is on file with United States Department of Agriculture Office for Laboratory Animal Welfare (A3260-01). The study adhered to the recommendations of Association for Assessment and Accreditation of Laboratory Animal Care International Guidelines. The SUNY Institutional Animal Care and Use Committee reviewed and approved all animal study designs and protocols reported in this work. The approved Institutional Animal Care and Use Committee protocol that this study was run under at SUNY was 11-283-06.
Purification of Protein-Escherichia coli codon-optimized versions of the b121a and b122a genes were synthesized and cloned into the pET15b(ϩ) vector (Novagen) between the NdeI and BamHI sites and contained an N-terminal His tag. The b122a-19iC construct contains a single cysteine codon inserted N-terminal to the NdeI site. All three constructs could be expressed as soluble proteins in E. coli BL21DE3 cells with a typical yield of 20 mg/liter.
Labeling of Protein for FRET Studies-100 M b122a-19iC protein (containing a single free cysteine close to the N terminus) was incubated with 5 mM IAEDANS at room temperature for 2 h with gentle rocking. The total reaction volume was 500 l. The mixture was then desalted on a PD minitrap column filled with G-25 resin (GE Healthcare). Mass spectrometry showed that protein was labeled at a single site. The absorbance of the labeled protein was measured at 322 nm, and using the extinction coefficient of IAEDANS-DTT conjugate at the same wavelength, the amount of fluorophore bound to the protein was calculated. For fluorescence measurements, samples were excited at 280 nm, and emission spectra were recorded from 300 to 550 nm.
Immunization Studies-Three groups, each having three rabbits (New Zealand White, female, 2 months old) were used for immunization studies. In group 1, core JRFL gp120 was used for priming, whereas full-length JRFL gp120 was used for boosting. For groups 2 and 3, b121a and b122a were, respectively, used for priming, whereas full-length JRFL gp120 was used for boosting. For both primes and boosts, all rabbits were injected intramuscularly with 20 g of the immunogen in Adjuplex TM (Advanced Bioadjuvants LLC, Omaha, NE). Priming was done at weeks 0, 4, 8, and 12, and boosts were given at weeks 16 and 51. Four weeks following the last boost, the rabbits were terminated. Serum samples were collected at 0 and 2 weeks after each immunization, heat-inactivated, and stored in aliquots for further analysis.
Coupling of Full-length gp120 to Dynabeads and Its Antigenic Characterization-12.5 mg of Dynabeads (Invitrogen) were coupled to 0.5 mg of WT or mutant gp120. The antigenic integrity of the bound protein was characterized using FACS as reported previously (21) .
Serum Depletion Studies-500 l of pooled sera (diluted 1:5 in DMEM, 10% FBS to a final volume of 2.5 ml) were incubated with 12.5 mg of gp120-coupled magnetic beads for 2 h at room temperature with gentle rocking. The flow-through was incubated with another 12.5 mg of gp120-coupled magnetic beads. The flow-through collected after the second round of binding is the depleted serum. The same protocol was used for depletion on magnetic beads coupled to the gp120-D368R mutant. Sera before and after depletions were used in neutralization assays.
Neutralization Assay-Neutralizing antibodies were measured in a standardized in vitro assay using luciferase reporter gene expression after a single round of HIV-1 pseudovirus infection in TZM-bl cells (22) . Various dilutions of sera were incubated with the virus, and the serum dilution that caused a 50% reduction in relative light units compared with virus control wells was considered as the ID 50 of neutralization. Additional experimental details are provided in the supplemental material.
Competition Experiments with Purified IgG-The IgG was purified from 10 ml of pooled terminal bleed serum from each of the three groups using the protocol described (20) . All competition experiments were carried out on a Bio-Rad ProteOn instrument. Approximately 6000 resonance units of monoclonal antibodies b12, b6, or PGT128 were immobilized on the chip surface, and 100 nM JRFL gp120 alone or after incubation with a 1:200 dilution of the purified IgGs was passed over the surface.
RESULTS
Construct Design-The crystal structure of HxBc2 gp120 in complex with the broadly neutralizing antibody b12 has been solved previously (Protein Data Bank entry 2NY7) (7) . We attempted to design small structured gp120 fragments that retain a large part of the b12 epitope. The b12 binding site in gp120 comprises the following 23 residues: 257, 280 -281, 365-373, 386, 417-419, 430 -432, 455, and 472-474 (Fig. 1A) . Approximately 70% of the b12 epitope (in terms of buried surface area upon complex formation of gp120 with b12) is contained within a relatively compact ␤-barrel structure on the lower part of the outer domain (Fig. 1B) . This is composed of six ␤-strands, two small helices, and a part of the long helix A2. The first designed construct (b121a) includes residues 254 -259, 291-341, 365-392, 410 -423, and 435-449 and hence includes 12 of the 23 residues and 66% of the interface area (Fig. 1C) . The second construct (b122a) excludes the 254 -259 region and hence includes 11 of the 23 residues and 64% of the interface area (Fig. 1D) . Because the fragments making up the construct are not contiguous stretches in the original molecule, we have used four linkers to connect them (Fig. 1G) . Two of these are ␤-turns made up of two residues only, and the other two are loops composed of repeats of the sequence GSA. Linker length was based on the C␣-C␣ distance between the residues to be connected as described previously (23). Both constructs have three disulfides, between residues 296 and 331, 378 and 445, and 385 and 418.
In order to determine which residues in this fragment were interacting with the rest of the molecule in the context of intact gp120, the in-house software PREDBURASA was used as described previously (24) . Hydrophobic residues that were originally buried and interacting with other residues of gp120 but become newly exposed in the fragments were allowed to vary in identity to all polar residues, and the best substitution was selected on the basis of energy values as well as visual inspection of the modeled structure. Modeler (version 9.4) and Rosetta Design (version 2.0) were used for modeling of these mutations and subsequent energy calculations as described previously (20, 25) . The final mutations incorporated were V254D, V255S, L259N, I294E, W338H, F376H, F383H, F391K, I423N, Y435N, and I449Q for b121a and I423N, Y435K, I449N, I294E, W375D, F376H, F383K, and F391K for b122a, and these residues are highlighted in orange in Protein Purification and Biophysical Characterization-The proteins were overexpressed in BL21DE3 cells and purified by nickel-nitrilotriacetic acid chromatography from the soluble fraction. The typical protein yield was around 20 mg/liter of cell culture. The proteins were more than 90% pure as determined from SDS-PAGE analysis, and their identities were confirmed by electrospray ionization-MS.
To determine whether the mutations introduced at the interface of the fragments with the rest of gp120 had any role to play in increasing the solubility of the protein, a wild-type version of b122a that did not contain any mutation was synthesized (WTb122a). For both WT-b122a and b122a, following induction, cells were sonicated, and the supernatant and pellet were loaded on gel. Whereas b122a was entirely in the supernatant, WT-b122a was almost entirely in the pellet fraction, indicating that the introduced mutations helped to increase the solubility of the protein, as intended.
To monitor the stability of the designed proteins, a thermal melt assay was carried out with unfolding monitored by fluorescence of the Sypro orange dye (26, 27) . Both b121a and b122a showed an unfolding transition with an apparent T m around 50°C ( Fig. 2A) , indicating the presence of compactness in the native state. For both of the proteins, anti-gp120 sera recognized the native proteins better than a reduced and carboxymethylated (RCAM) version of the same molecule (titer of 1600 with native protein compared with 700 with RCAM), thereby showing that the disulfide bonds are important for its native structure, which is lost upon reduction.
Both b121a and b122a proteins eluted from an analytical gel filtration column as monomers with elution volumes similar to that of the thioredoxin marker (Fig. 2B) . To confirm the presence of disulfides, the denatured proteins were incubated with an excess of iodoacetamide in the dark under non-reducing conditions. Following quenching, the mixture was analyzed by LC electrospray ionization-MS. Both b121a and b122a did not show any increase in mass, indicating that all of the disulfides were formed. However, when the same experiment was performed under reducing conditions, both of the proteins showed incorporation of six iodoacetamide molecules, indicating the presence of six cysteine sulfhydryl groups.
To further elucidate the disulfide connectivity in b122a, tryptic digestion was performed under non-reducing conditions. The peptides were separated on a C18 RP-HPLC column and fragmented by collision-induced dissociation and electron transfer dissociation on a mass spectrometer. The ion masses were analyzed using the MS2DBϩ software (28) , which showed the native disulfide connectivity as the only true positive connectivity in the molecule (supplemental Fig. S2 ). The observation of a unique set of three disulfides of the 15 possible disulfide pairings indicates that the b122a immunogen has the correct topology.
To probe whether the three disulfides in the protein enabled it to take up a near native conformation similar to that present in gp120, FRET experiments were carried out. A b122a variant, which incorporated a single free cysteine near its N terminus, was designed, hereafter referred to as b122a-19iC. If residues in b122a have adopted the same conformation as in native gp120, then the distance between this single cysteine at the N terminus and the single tryptophan (Trp-338) in b122a should be ϳ15-20 Å, which is close to the R 0 (20 Å) for the Trp-IAE-DANS FRET pair. Upon excitation of the tryptophan at 295 nm, the IAEDANS-labeled b122a-19iC protein showed a peak at 470 nm, corresponding to the emission maximum of IAE-DANS, the intensity of which was reduced to half upon denaturation and reduction of disulfide bonds in the protein (Fig.  2C ). In comparison, the addition of denaturant (guanidine hydrochloride) to an IAEDANS-DTT conjugate resulted in a much smaller change in fluorescence of about 15%. These data further confirm the structured nature of the b122a fragment.
Binding Studies Using SPR-Binding of b121a, b122a, and RCAM-b122a to immobilized IgG1b12 was characterized by SPR on a Biacore 2000 instrument. b122a bound better than b121a, whereas RCAM-b122a did not bind (Fig. 3C) , indicating that the disulfide bridges were very important for structure and binding of the fragments. None of the proteins bound to the non-neutralizing antibody b6 (Fig. 3D) , confirming that the binding is specific for b12. Compared with core gp120 (K D ϭ 76 nM), the binding of b122a to b12 is about 100 times weaker (Table 1) . However, the fact that there is measurable binding to b12 with a small, non-glycosylated fragment of gp120 is encour-FIGURE 2. Biophysical characterization of b121a and b122a. A, thermal denaturation of b121a and b122a in a thermal shift assay with Sypro orange dye in PBS, pH 7.4. The fluorescence of the dye in the presence of protein was recorded from 25 to 110°C, and it was corrected for the corresponding fluorescence of the dye without protein. Both of the proteins show an apparent T m close to 50°C. As the protein exposes increased hydrophobic surface with increase in temperature, the dye binds and shows enhanced fluorescence. The data show that b121a and b122a are partially folded and undergo denaturational transitions with temperature. B, analytical gel filtration analysis of b121a (black line) and b122a (blue line) on a Superdex 75 column in PBS buffer at room temperature. For comparison, the elution profile of an equal amount of thioredoxin protein, having a monomer mass of 11.6 kDa is also shown (red line). The absorbance at 220 nm is shown as a function of the elution volume. Both b121a and b122a elute at a similar position as thioredoxin and at the expected position for the monomer. C, FRET experiments demonstrate that b122a is partially structured. A b122a mutant containing a free cysteine proximal to its N terminus was labeled with IAEDANS. Unlabeled protein, labeled protein, and IAEDANS-DTT conjugate were excited at 280 nm, and the emission spectrum was recorded from 300 to 550 nm. The concentrations of proteins (both unlabeled and labeled) used were 20 M. The excitation and emission slit widths were 2.5 and 5 nm, respectively. Upon the addition of denaturant (guanidine hydrochloride (Gdn)), there is quenching of fluorescence for IAEDANS-DTT conjugate. However, the decrease in fluorescence upon denaturation and reduction is much larger for the labeled protein than for IAEDANS-DTT conjugate. This shows that the energy transfer taking place in the oxidized protein disappears upon denaturation and reduction of the protein disulfides. a.u., arbitrary units.
aging. Designed disulfides have been used to further improve binding affinity by about 16-fold (see below).
Immunization and Neutralization Studies-It was hypothesized that because the designed fragments are originally part of a large protein, it is likely that a fraction of the fragment protein ensemble will not adopt exactly the same conformation as the corresponding regions in the whole molecule in the absence of b12. Therefore, a prime-boost rabbit immunization study was planned, which involved priming with the b121a/b122a protein fragments and boosting with full-length gp120. The hypothesis was that this regimen might elicit gp120 cross-reactive antibodies targeted to the b12 epitope that was present in the priming immunogen. The rationale of the protocol is summarized in Fig. 4 . Rabbits were immunized with 20 g of either core gp120, b121a, or b122a proteins in Adjuplex TM four times (at weeks 0, 4, 8, and 12). All three groups generated very low titer (ϳ10 2 or  10 3 ) of anti-gp120-specific antibodies when tested at week 14. Subsequently, animals were boosted with 20 g of full-length JRFL gp120 at weeks 16 and 51, respectively. Four weeks following the last boost, the animals were terminated. Subsequently, sera were analyzed for anti-gp120 titers and titers against the priming immunogen by ELISA (Table 2) , and HIV-1 neutralization assays were performed with Tier 1, 2, and 3 viruses. The long gap between the two boosts was to allow for extensive immune maturation because in HIV-1-infected patients, broad neutralization only develops after a couple of years of infection (29 -31) or around 1 year from the time of infection, according to a recent study carried out in rhesus monkeys (32) .
Although gp120 titers following priming were low, they rose to about 10 5 following the second boost. The terminal bleed sera were also analyzed for titers against CD4; core gp120; OD EC (20) ; b122a; reduced and carboxymethylated b122a (RCAM-b122a), which does not bind b12; and D368R gp120, which contains a mutation in the CD4bs that reduces b12 binding. Titers to both the entire outer domain and to the b122a fragment were significantly higher in b121a and b122a antisera relative to animals immunized with gp120 alone (Table 3 ). In addition, only the former two sera were sensitive to the D368R mutation. Coupled with the fact that these two sera also showed a reduction in titers with RCAM-b122a, it indicates that a higher fraction of CD4bs-directed Abs are present in groups 2 and 3 than in group 1.
Neutralization assays in TZM-bl cells with week 53 sera from all three groups are summarized in Fig. 5 . The 16 viruses initially tested comprise seven Tier 1, seven Tier 2, and two Tier 3 viruses (33). The b121a-and b122a-primed groups showed considerably broader neutralization compared with animals primed with core gp120 (Fig. 5) . To compare this neutralization activity with broadly neutralizing sera obtained from HIV-1-infected patients, the sera were also tested against five additional viruses (94UG103, 92BR020, 93IN905, MGRM-C-026, and 92TH021, representing clades A, B, C, and CRF01_AE), comprising a five-virus panel that has been described previously and used to screen for broad neutralization (34) . This panel was previously tested using over 1000 sera from HIV-1-infected individuals. Elite neutralizers were defined as those M concentrations of b122a, respectively. Curve 5, reduced and carboxymethylated b122a, which did not show any measurable binding to b12. D, curves 1 and 2, 100 nM full-length gp120 and 20 M b122a. Surface density of both antibodies was 900 resonance units (RU); buffer was PBS, pH 7.4, 0.005% P20; and flow rate was 30 l/min. The fact that b122a loses binding upon reduction and carboxymethylation of its cysteines shows that the binding is specific. b122a also does not show any binding to b6. Binding parameters are listed in Table 1 . whose sera neutralized one or more pseudoviruses within a clade and across at least four different clades with an IC 50 of at least 300. It was found that sera with elite neutralizing activity were found at a frequency of about 1% and, on average, were able to neutralize the five-virus panel with a geometric mean ID 50 (GMT) of 500. In the present study, two of three sera in group 3 neutralized the five-virus panel with a GMT greater than 120, whereas all three sera from group 1 showed a GMT less than 40. The average GMTs of sera from groups 1, 2, and 3 were 28, 66, and 109, respectively, across the five-virus panel and 17, 56, and 104, respectively, across all Tier 2 and 3 viruses in the 16-virus panel. Overall, with a mean IC 50 cut-off of 50, sera from gp120-immunized rabbits neutralized only one virus of the 14 non-Tier 1 viruses tested (7%), whereas sera from b121a-and b122a-immunized rabbits neutralized seven (50%) and twelve (86%) viruses, respectively. This reconfirms the broad neutralizing activity of sera from groups 2 and 3.
To further explore the neutralization specificity of the sera, depletion studies were performed on pooled terminal bleed sera (week 55) for all of the groups due to limiting amounts of week 53 sera. Two rounds of depletion were carried out on gp120-coupled magnetic beads. The sera had to be diluted 5-fold in DMEM, 10% FBS prior to depletion in order to bind optimally to the gp120-coupled beads. The amount of sera that could be depleted was limited by the amounts of gp120 and D368R gp120 that could be expressed and purified. There was a significant decrease in the ELISA and neutralization titers upon depletion, which demonstrates that the observed neutralization is mediated by gp120-directed antibodies (Table 4) . Upon depletion with a CD4 binding site-defective mutant of gp120 called D368R, it was seen that the depleted sera from groups 2 and 3 retained a substantially higher proportion of the neutralization titer as compared with group 1 (Table 4 ). These data indicate that groups 2 and 3 (especially group 3) contain a higher proportion of CD4bs-directed Abs than group 1. This is also consistent with the higher ELISA titers against b121a/2a and OD EC in the former sera. The undepleted week 55 terminal bleed sera showed a 2-fold lower ELISA titer and 3-5-fold lower neutralization ID 50 than the corresponding week 53 sera. Coupled with the 5-fold dilution that occurred during depletion as well as the fact that a significant fraction of neutralizing antibodies bound to both gp120 and D368R gp120, this meant that it was not possible to reliably test the depleted sera against Tier 2 viruses. The fact that the undepleted sera showed higher neutralization ID 50 values compared with the sera depleted on D368R-gp120 indicates that CD4BS antibodies sensitive to the D368R mutation are responsible for only a part of the observed neutralization. The remaining epitopes targeted by the sera remain to be elucidated.
To test for the presence of b12-like antibodies, competition binding experiments were carried out with b12 and purified antibodies from serum using surface plasmon resonance. Binding of gp120 was examined alone or in combination with purified IgG from all three groups to immobilized b12. As shown in Fig. 6A , gp120 prebound to group 3 IgG showed 4-fold reduced binding to b12 as compared with gp120 alone, whereas gp120 prebound to group 1 IgG showed increased binding. This latter observation is possibly due to the presence of higher amounts of antibodies directed toward epitopes other than the CD4 binding site in group 1 serum as compared with group 3 serum (Fig.  6D) . The data show that group 3 serum has higher amounts of antibodies that compete for the CD4 binding site and therefore cause reduction in binding. However, because binding of the neutralizing mAb b12 to gp120 also prevents binding of the non-neutralizing CD4bs mAbs such as b6 (Fig. 6B) , this experiment cannot distinguish between neutralizing and non-neutralizing CD4 binding site antibodies. As a negative control, competition experiments were carried out using PGT128, an antibody that binds glycan residues and the V3 loop on the outer domain of gp120. In order to enhance the binding signal to PGT128, we used a cyclically permuted trimeric gp120, which binds to PGT128 with 10-fold higher affinity than monomeric gp120. This molecule (ccmp-gp120 trimer) has been described previously (35) . All three sera showed similar binding profiles (Fig. 6C) , indicating that none of the sera have substantial amounts of PGT128-like antibodies. The similar increase in mass observed for all three sera also indicates that all three sera had equivalent amounts of anti-gp120 antibodies.
DISCUSSION
Despite years of efforts to combat HIV/AIDS, an effective vaccine remains elusive. However, recent studies (36 -38) indicate that several HIV-1 patients have sera able to neutralize diverse strains of HIV-1, although this broadly neutralizing activity takes several years to develop (29 -31). Rational design FIGURE 4 . Schematic representation of the prime-boost strategy. The fragment immunogen carrying the b12 binding site exists in equilibrium between the folded and partially folded forms. As shown in A, upon priming with the fragment immunogen, antibodies (red) elicited against the partially folded forms predominate. Upon boosting with full-length gp120, the crossreactive antibodies (orange-encircled ones directed toward the CD4 binding site and blue ones directed toward regions other than the CD4bs) are selectively amplified, resulting in increasing amounts of CD4 binding site antibodies. B, a conventional gp120 prime/gp120 boost immunization, where lower levels of CD4 binding site antibodies (orange-encircled ones) are produced.
of immunogens for HIV-1 has been done mainly by targeting several conserved regions of either the gp120 or gp41 subunits of Env (14 -16, 39 -41) . In certain HIV-1-infected individuals, it has been found that neutralization is exclusively or substantially mediated by CD4 binding site antibodies (42, 43) . Previous attempts to focus the immune response toward the b12 epitope were done in the context of whole gp120 by introducing mutations to selectively diminish non-neutralizing antibody binding and adding glycosylation sites to dampen responses to regions outside the CD4bs (14 -16). However, the sera could neutralize the homologous JRFL virus weakly with an IC 50 of 4 -8, whereas good neutralization (IC 50 Ͼ50) was obtained only for Tier 1 viruses like SF162 and HxBc2 (19) . To reduce the conformational flexibility of gp120 and to stabilize it in the CD4-bound conformation, S375W/T257S mutations were made to fill the Phe-43 cavity (17, 18) . The mutations improved sCD4 and b12 binding, both in the context of monomeric gp120 and trimeric GCN4-gp120. Rabbits immunized with the stabilized trimeric GCN4-gp120 showed better neutralization of YU2 (homologous virus) and some Tier-1 viruses than the corresponding WT gp120 group; however, no measurable neutralization was obtained against Tier 2 viruses like JRFL and TRJO.58 (18) . In other recent studies, gp140-foldon containing the T257S/S375W mutations have been tested in rabbits in different homologous and heterologous regimens, but the results have been similar, with only homologous neutralization, good neutralization of Tier 1 viruses, and no neutralization of JRFL, JRCSF, and ADA (Tier 2) (44). Because full-length or core gp120 does not elicit significant amounts of b12-like antibodies, an alternative target would be an outer domain (OD) only immunogen. However, previous immunizations with a glycosylated, wild-type version of the OD did not yield neutralizing sera (45) . An engineered, non-glycosylated OD performed somewhat better with sera that showed improved but modest neutralization relative to animals immunized with monomeric gp120 (20) . A recent study described grafting of portions of the b12 epitope onto heterologous scaffolds (40) . Although the initial designs bound weakly, following mutagenesis and yeast display, good binders with K D values as low as 10 nM for b12 were obtained. However, no immunization or neutralization studies were described.
In the present study, two small fragments of gp120, encompassing the lower part of the outer domain, were designed. These immunogens (b121a and b122a) were partially folded; both showed binding to b12 and did not bind the non-neutralizing antibody b6. In prime-boost immunization studies, animals primed with b122a elicited sera that showed broad neutralization of a diverse panel of viruses in a TZM-bl assay. As described above, previous immunization studies have generally showed much reduced breadth and potency in terms of neutralization. In some other studies, rabbit immunizations have also been carried out in which DNA encoding a membrane-bound form of the cleavage-competent, disulfide-linked JRFL gp140 trimers (SOS) was used for the prime, followed by boost with soluble gp140 trimers containing an additional I559P mutation (SOSIP) (46) . However, neutralization was mostly restricted to Tier 1 viruses and to the homologous JRFL virus. More recently, studies with KNH1144 SOSIP gp140 trimers have shown similar results (47) . In a recent study (48) , it was shown that gp140s derived from a clade A sequence (92UG037.8) and a clade C sequence (CZA97012) elicited measurably improved neutralization of Tier 1 viruses in a TZM-bl assay relative to gp120. No neutralization was seen for Tier 2 viruses in a TZM-bl assay, although it was present when a more sensitive A3R5 assay was used. In comparison with the studies described above, sera from the b122a group are unique in their ability to neutralize multiple Tier 2 and 3 viral isolates in a TZM-bl assay. Depletion studies revealed that a measurable fraction of neutralization in these sera was mediated by antibodies targeting the CD4bs and sensitive to the D368R mutation. Competition binding experiments with b12 clearly showed higher levels of CD4bs antibodies in group 2 and group 3 sera as compared with group 1 serum. From ELISA experiments, the former two sera were also found to have higher titers of CD4bs antibodies. In addition, the only known neutralization epitope in the b121a and b122a priming fragments is the b12 binding site. All of these data suggest that CD4bs antibodies make a significant contribution to the observed broad neutralization. However, the fact that the undepleted sera show better neutralization than the D368R-depleted sera shows that there are other types of antibodies also mediating neutralization. It is entirely possible that there may be CD4bs-directed neutralizing antibodies that are insensitive to the D368R mutation and would therefore bind to immobilized D368R gp120. Indeed one broadly neutralizing CD4bs mAb HJ16 (9) is insensitive to the D368R mutation. Mapping epitopes in polyclonal sera remains a nontrivial task. Nonetheless, it is apparent that sera from groups 2 and 3 (primed with b121a and b122a, respectively) show significantly better neutralization than those from group 1 (primed with core gp120). This study demonstrates that priming with a fragment immunogen and boosting with full-length gp120 is capable of inducing broadly neutralizing antibodies. Previous prime-boost studies have mainly used DNA for prime followed by a protein boost (46, 49) , including the recently conducted RV144 trial, which showed partial protection of 31% (50 -52) , although some recent studies have used proteins for both (44) . However, these were mainly restricted to full-length envelope proteins and were not carried out with fragment immunogens.
Besides the use of designed fragment immunogens, it is also likely that the long gap between the two boosts in the present studies contributed to immune maturation (53), leading to the observed neutralization. Although studies in HIV-1-infected individuals have shown that neutralizing antibodies develop only around 2.5 years after infection (31) , in a recent study where rhesus monkeys were inoculated with CCR5-tropic SHIV AD8 molecular clone, neutralizing antibodies were found to develop in two distinct phases (32) . The first phase (weeks 5-13) generally elicited antibodies that were able to neutralize sensitive viruses, whereas a second response dominated between weeks 41 and 51, which was able to neutralize more resistant viruses. Interestingly, in the present study, neutralizing antibodies were observed in the serum during week 53. ID 50 value obtained using TZM-bl assays have been shown to correlate well with serum-neutralizing antibody titers required to provide passive protection from SHIV challenge in macaques (54 -56) ; hence, the broad neutralization observed in this study is relevant to vaccine design. We are currently attempting to further improve the rigidity and binding affinity of b122a for b12. By introducing disulfides and other mutations, b122a derivatives have been made that bind b12 with K D values of 500 nM (supplemental Table S1 ), and it is very likely that, using library display methodologies (57) (58) (59) , this can be improved substantially. Future studies will explore the use of such derivatives in monomeric or multimeric forms in different primeboost immunization regimes. The present studies have used purified protein immunogens that are composed of gp120-derived sequence, and the observed neutralization is depleted by 50 values of the sera depleted on gp120 are considerably reduced relative to the same sera depleted on gp120 D368R. This is not the case for sera in group 1.
gp120. This is important because it shows that the broad neutralization is indeed gp120-directed and not a result of antibodies inadvertently elicited against human proteins. Recently, several potent CD4bs-directed broadly neutralizing human antibodies, such as VRC01, have been isolated from HIV-1-infected people (10, 11) . A common feature of these has been that they originate from a specific germ line V H allelic variant (60, 61) . This might indicate that immunogens need to bind to this germ line product in order to eventually result in affinity-matured VRC01-like antibodies. Recently, it has also been shown that small animals, including rabbits and mice, do not possess any germ line V H fragments that contain the characteristic signature motifs present in potent VRC01-like antibodies (62) . Given such a scenario, it is very likely that it would not be possible to elicit such antibodies in small animals. The present study suggests that it is possible to elicit broadly neutralizing sera in small animals. The presence of a significant fraction of CD4bs-directed Abs is correlated with the neutralizing ability of the sera. However, additional studies are required to definitively map the neutralizing epitopes targeted by these polyclonal sera. , b12 ; B, b6; C, PGT128. For b12 and PGT128, competition was carried out in the presence of antibodies purified from various sera. Binding was monitored by surface plasmon resonance. Prebinding of gp120 to sera from groups 2 and 3 resulted in reduced binding to b12, indicating the presence of substantial amounts of CD4 binding site antibodies. Prebinding to group 1 serum, however resulted in increased binding to b12, possibly due to large amounts of antibodies directed at epitopes other than the CD4bs in this serum. As a negative control, none of the sera showed any competition to PGT128. For all antibodies, incubation of gp120 with preimmune sera showed similar binding as gp120 alone, indicating the absence of gp120-specific antibodies in the preimmune serum. In B, binding of the neutralizing CD4bs antibody b12 prevents binding of the non-neutralizing CD4bs antibody b6. D, a schematic representation of the possible events during the b12 competition assay. CD4 binding site antibodies are shown in orange, whereas those that are directed toward epitopes other than CD4bs are shown in blue. Because the latter do not compete for the b12 binding site, gp120 precomplexed to these antibodies retains its ability to bind b12. The amount of CD4bs Abs increases going from group 1 to group 3, resulting in a gradual reduction in b12 binding in the competition assay. RU, resonance units.
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Supplementary Information Supplementary Methods
Purification of Protein-Escherichia coli codon-optimized versions of the b121a and b122a genes were synthesized and cloned into the pET15b(+) vector (Novagen) between the NdeI and BamHI sites and contained an N-terminal His tag. The b122a-19iC construct contains a single cysteine codon inserted Nterminal to the NdeI site. All three constructs could be expressed as soluble proteins in E.coli with a typical yield of 20mg/liter. BL21(DE3) cells transformed with each plasmid were grown in 1 liter of Luria-Broth (LB) at 37 °C till an absorbance of 0.6. Cells were induced with 1 mM isopropylthiogalactopyranoside (IPTG) and grown for another 6 h at 37 °C. Cells were harvested by centrifugation at 3500g and resuspended in 30 ml of phosphate-buffered saline (PBS), pH 7.4 containing 0.1% TritonX-100. The cell suspension was lysed by sonication on ice and centrifuged at 15,000g. The supernatant was collected and bound to 2ml Ni-NTA beads (GE Healthcare) at 4°C for 2 hours. Beads were packed in a column and then washed with 50ml PBS, pH 7.4. Protein was eluted with 3ml of 500mM Imidazole in PBS, pH 7.4. The first three eluted fractions were combined and dialyzed 3 times against 1 litre of PBS, pH 7.4 at 4°C, aliquoted, flash-frozen in liquid nitrogen and stored at -80°C.
Gel Filtration Analysis -50µg of native protein in PBS at room temperature was subjected to gelfiltration chromatography on a Superdex-75 column. Bacterial thioredoxin (11.6kDa) having similar mass as b122a (11.6kDa) was used as a marker along with the standard calibration markers like conalbumin, ovalbumin, carbonic anhydrase and RNaseA to determine the expected position of the monomeric peak.
Fluorescence Spectroscopy-For FRET experiments, fluorescence spectra were recorded at 25°C on a JASCO FP-600 spectrofluorimeter. All experiments were carried out in PBS at pH 7.4. Protein concentrations (both labelled and unlabelled) used were 20µM. Samples were excited at 280nm and emission spectra were recorded from 300-550nm. The excitation and emission slit widths were 2.5nm and 5nm respectively. Buffer spectra was acquired under similar conditions and subtracted from protein spectra before analysis.
Surface Plasmon Resonance Experiments-All surface plasmon resonance experiments were performed with a Biacore 2000 (Biacore, Uppsala, Sweden) optical biosensor at 25°C. 900 resonance units of either monoclonal antibody b12 or b6 were attached by standard amine coupling to the surface of a researchgrade CM5 chip. A sensor surface (without any antibody) that had been activated and deactivated served as a negative control for each binding interaction. Three or four different concentrations of analyte (WT gp120, b121a, b122a) in PBS, pH 7.4, containing 0.005% P20 surfactant were injected over the surface. Both binding and dissociation were measured at a flow rate of 30µl/min. In all cases the sensor surface was regenerated between binding reactions by 1-2 washes with 4M MgCl 2 for 30 s at 50µl/min. Each binding curve was corrected for nonspecific binding by subtraction of the signal obtained from the negative-control flow cell. The kinetic parameters were obtained by fitting the data to the simple 1:1 Langmuir interaction model using BIA EVALUATION 3.1 software.
Determination of titers of antibody against gp120 and b122a/ODEC: Enzyme-linked immunosorbent assays (ELISA) against native gp120 was performed in 96-well half area plates to which D7324 (5µg/ml 2 in PBS) (Cliniqa Corp., Fallbrook, CA) had been adsorbed after overnight incubation at 4°C. D7324 is a sheep antibody against the C-terminal 15 amino acids of gp120 from the BH-10 strain of HIV-1. Plates were blocked for one hour at room temperature with 120µl of 3% BSA in PBST. 50µl of JRCSF gp120 (2µg/ml) in BSA-PBST was captured over the plate by incubating for 1h at room temperature. Alternatively, for determining the ODEC/b122a titer, plates were directly coated with 500ng of the native protein and then blocked with 3% BSA in PBST. Serial dilutions of the test serum in a total volume of 50µl of blocking buffer were added in separate wells and incubated for 1 h at room temperature followed by 3 washes with PBS containing 0.05% Tween 20 at room temperature. For the negative control, the same serum dilutions for the corresponding pre-immune serum were added to wells. Bound sera were detected by using an alkaline phosphatase conjugated goat anti-rabbit antibody (Sigma) at a dilution of 1:10,000 and the chromogenic substrate p-nitrophenyl phosphate. The optical density of the pre-immune serum was subtracted from the corresponding test serum, and the reciprocal of the serum dilution showing an OD greater than 0.2 was taken as the antibody titer.
Coupling of full-length gp120 to Dynabeads-12.5mg of Dynabeads MyOne Tosylactivated (Invitrogen cat no 655.01D) were washed with coupling buffer (0.1M borate buffer, pH 9.5) and then incubated with 0.5mg of WT or mutant gp120 in coupling buffer containing 1M ammonium sulfate in a total volume of 700µl at 37°C for 16 hours with gentle rotation. After that, the beads were washed with coupling buffer and incubated with blocking buffer (0.5% BSA in PBS) for 12 hours at 37°C. Finally, beads were washed in PBS and resuspended in 100µl of 0.1% BSA, 0.5% Tween-20 and stored at 4°C till use. To characterize the antigenic integrity of the bound gp120 on beads, 5µl of the bead slurry was washed three times with FACS buffer (2% BSA in PBS pH 7.4) and incubated with 50µl of FACS buffer containing 40µg/ml of IgG b12 at room temperature for 1 hour. Beads were subsequently washed 3 times with FACS buffer and stained in 50µl of FACS buffer containing 10µg/ml anti-human IgG conjugated to phycoerythrin (PE) at room temperature for 1 hour. The beads were washed twice with 200µl of FACS buffer and analyzed on a FACS Canto flow cytometer (Becton Dickinson).
Neutralization assay-Neutralizing antibody activity was measured in a standardized in vitro assay in TZM-bl cells using Tat-regulated luciferase reporter gene expression to quantify reductions in virus infection in TZM-bl cells. Assays were performed with Env-pseudotyped viruses essentially as described previously (1) . TZM-bl is a genetically engineered HeLa cell line (also known as JC53-BL) that expresses the CD4 receptor and the CCR5 and CXCR4 coreceptors (2) and contains Tat-regulated reporter genes for firefly Luc and Escherichia coli β-galactosidase under regulatory control of an HIV-1 long terminal repeat sequence (3). The cells were obtained from the NIH AIDS Research and Reference Reagent Program, as contributed by John Kappes and Xiaoyun Wu. Neutralization assays were performed with heat-inactivated (56°C, 1 hr) samples, tested over a range of eight 3-fold dilutions starting at 1:2 (for adsorbed sera) or 1:10 (for intact sera). Serial dilutions of serum were incubated in duplicate with 50,000 -150,000 RLU-equivalents of virus for 1 hour at 37˚C in a total volume of 150µl growth medium. Trypsinized cells in 100µl of growth medium containing DEAE-dextran were added to each well. After 48 hr incubation, 150µl of culture medium was removed from each well and 100µl of Bright Glo reagent (Promega) was added to the cells. Following lysis of the cells after 2 min incubation at room temperature, 150µl of cell lysate was transferred to 96-well black solid plates for luminescence measurements. Neutralization titers (ID50) are the sample dilution at which relative luminescence units (RLU) were 3 reduced by 50% compared to RLU in virus control wells after subtraction of background RLU in cell control wells. Table   Table S1 : Kinetic parameters for binding of gp120, b122a and an engineered disulfide mutant of b122a (b122a-SS) to b12 a b122a-SS binds b12 about 17 times better as compared to WT b122a (4) showing disulfide connectivities in b122a. A descriptive score was assigned to each disulfide which is directly proportional to the number of matched product ions. A higher value is thus better and the numerical value of the cut-off used was 80. The pp and pp2 values are statistical confidence scores associated with disulfide bond determination from the mass spectra. The pp score helps to evaluate whether the number of matches obtained between a precursor ion fragment (from MS/MS data) and a disulfide-bonded fragment (from sequence) is significant or not (with a mass agreement cut-off of ±1 Da). The pp2 score evaluates whether the total abundance (intensity) of such matched ions is significant or not. For both pp and pp2 scores, a value greater than 6 is considered to be statistically significant. Higher values for both are better as they signify lower p values. 30-99 and 48-106 positions (connected by blue line) are 378-445 and 385-418 residues according to the HxBc2 numbering and are the native connectivities in gp120. MS2DB+ picked up the native connectivities as true positives, while two non-native connectivities were classified as true negatives. As two disulfides were already assigned, the third b122a disulfide 296-331 (connecting the cysteines in green) is assigned automatically.
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